The accumulation of 4-desmethyl and 4,4-dimethyl sterols, as well as the triterpenoid P-amyrin, was analysed during both exponential and stationary phases of Aspergillus nidulans growth. Throughout growth, the amount of 4-desmethyl sterol was proportional to the cellular dry weight, while the dimethyl sterols and P-amyrin stopped accumulating after day 2. The sterols were found primarily as the free alcohol and not as fatty acid esters, the glycosides, or acyl glycosides. The amount of P-amyrin in stationary phase cultures was affected by the concentrations of Mg2+ and Cu2+.
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at 30 "C, for periods of 1 to 7 d. After incubation, the cells were collected by vacuum filtration through Miracloth (Calbiochem-Behring, La Jolla, Calif., USA). The lipids were extracted immediately following collection (see below). Culture dry weight was measured for the mass remaining after extraction.
Lipid extraction and purijcation. The amount of total sterol in the cultures was determined by direct saponification of cell mass in 5% (w/v) KOH in methanol/water (9 : 1, v/v) followed by extraction of neutral lipids with anhydrous ether. Acid hydrolysis of cells prior to saponification according to the method of Gonzalez & Parks (1977) was utilized to analyse for the presence of water-soluble sterol complexes. The amount of 4-desmethyl sterol was determined by densitometry of TLC using a Hoefer densitometer (Model GS300) coupled with a Spectra-Physics Integrator (Model 4270). The linearity of response was checked by using a set of quantitative authentic ergosterol standards. Care was taken to keep all lipid solutions in the dark to prevent light-induced degradation of ergosterol.
Free sterols and fatty acyl steryl esters were extracted by a modification of the Bligh & Dyer chloroform/ methanol procedure as described by Kates (1972) . After immersion of the cells in the chloroform/methanol (1 : 2, v/v) extraction solution, the cells were homogenized for 1 min at maximum speed in a Sorvall Omni-Mixer. The cells were then extracted for an initial period of 3 h, and then, after recovery by filtration through Miracloth, for a second period of 2 h with methanol/chloroform/water (10 : 5 : 4, by vol.). The extracts were pooled and approximately twice the volume of a 1 : 1 (v/v) chloroform/water mixture was added to the extract (in a separatory funnel) and the liquids were mixed by inversion. This mixture separated into two phases while standing in the dark overnight at room temperature (approximately 18 "C): a chloroform phase containing the majority of lipid material, and a methanol/water phase containing non-lipid material plus some lipids bound into water-soluble complexes, e.g. glycosides. TLC analysis of the methanol/water phase on Silica 60G used a mobile phase of chloroform/methanol(9 : 1, v/v) (T. A. Salt & J. H. Adler, personal communication), which yielded an RF of 0.98 for cholesteryl oleate, 0.86 for free ergosterol, 0.60 for acylated steryl glucosides, and 0.30 for steryl glucosides. Additional analysis of the methanol/water for the presence of sterol compounds was performed by hydrolysing the methanol/water solution with acid (after addition of approx. 10 vols 0.1 M-HCl to the solution, followed by heating at 95 "C for 20 min) and/or saponification, followed by extraction with anhydrous ether.
Lipid materials were dried, weighed, redissolved in chloroform and stored at -20 "C. The sterols and steryl esters were purified from the extract by preparative TLC on Silica Gel 60 G using a solvent system of benzene/ethyl acetate (8:2, v/v). TLC plates were examined under long-wave UV to verify the location of fluorescent compounds, e.g. ergosterol. Each lipid fraction was recovered by scraping the silica from the glass plate and then extracting the silica twice with chloroform and once with anhydrous ether. Contaminating silica was removed from the sample by filtration through both a glass fibre filter (Whatman GF/D) and a Nylon-66 filter (Rainin, Inc., Woburn, Mass., USA). The total free sterol was calculated by averaging the quantities recovered from either ether extraction of saponified material or chloroform/methanol extraction of nonsaponified material (plus saponification of the methanol/water phase to recover any complex lipids which partition into this phase). This averaging was justified because the two methods of lipid recovery yielded similar quantitative results.
Sterol analysis. GLC was performed utilizing a Perkin Elmer Sigma 3B chromatograph equipped with a flame ionization detector and linked to a Sigma 15 data station. Column packings of 1 % XE-60 (at 220 "C) and 3 % QF-1 (at 230 "C) were used for analysis. HPLC was performed on a Perkin Elmer Series 3 HPLC using a reverse phase C-18 column (Zorbax ODS, DuPont). Material was detected by UV absorption with a variable wavelength detector (Perkin Elmer LC-75 or LC-85 equipped with an autocontroller to perform wavelength scans). The free sterols were analysed using a mobile phase of acetonitrile/isopropanol(4 : 1, v/v). These sterols were characterized by their mobility relative to cholesterol (relative retention time, RRT, = 1.00 on GLC and ac = 1.00 on HPLC). The quantity of free sterol was detemined by GLC using authentic ergosterol as an external standard. Steryl esters were characterized by their HPLC mobility relative to cholesteryl oleate (aco = 1.00 on HPLC) using a mobile phase of acetonitrile/isupropanol (3 : 2. v/v). The steryl esters were quantified by HPLC, utilizing authentic ergosteryl oleate as external standard. Authentic standards had the following relative mobilities : ergosteryl oleate, ac0 = 0.79; cholesteryl linoleate, a,, = 0.80; and cholesteryl linolenate, aco = 0.64. Cholesterol, ergosterol, lanosterol, and 24-dihydrolanosterol were purchased from Supelco, Inc. (Bellefonte, PA). P-Amyrin was a gift of Dr W. R. Nes (Drexel University) and ergosteryl oleate, cholesteryl oleate, cholesteryl linoleate, and cholesteryl linolenate were gifts of Dr J. T. Billheimer (Drexel University).
RESULTS
As reported previously for shaking cultures (Shapiro & Gealt, 1982) , ergosterol (GLC RRT = 1.21 on QF-1 or 1.31 on XE-60) was the major free 4-desmethyl sterol of A. nidulans, accounting for 86.0% to 92.5% of the total 4-desmethyl fraction. In static cultures three other free IP: 54.70.40.11
On: Mon, 03 Dec 2018 13:32:14 A . nidulans sterols 28 1 4-desmethyl components were observed by GLC on QF-1, with RRTs of 1-07, 1-48, and 1.65. These minor components have not, as yet, been further characterized. Five components with RRTs (on QF-1) of 1.00, 1-29, 1.44, 1.55 and 1.75 were obtained from the 4,4-dimethyl fraction. The component with RRT = 1.55 has been identified as lanosterol and that with RRT = 1.75 as Q-amyrin. The other components, which are present in only minor quantities, have not been subjected to additional analyses, although the component with RRT = 1-44 has a similar retention time to authentic 24-dihydrolanosterol (RRT = 1.43) and is tentatively identified as that compound. The identities of ergosterol, lanosterol and Q-amyrin have been confirmed by HPLC, mass spectral analysis, and proton NMR (Shapiro & Gealt, 1982; Gealt, 1983) .
A . nidulans cultures grown in YG for periods of 1 to 7 d were collected and the lipids were extracted. Colonies were completely submerged on day 1, but had formed a surface mat by day 3; no conidiation was observed, even by day 7. The hyphal residue after extraction was used to measure the dry weight of the cultures (Table 1 ). The pH of the medium remained relatively constant during the entire culture period, with a decrease from pH 6 to pH 5.5 during the first 24 h of culture, then remaining at approximately pH 5.5 through 7 days.
The total sterol extracted from the A . nidulans hyphal mat increased steadily with culture age. The amounts of each of the three major 4-desmethyl sterols and the 4,4-dimethyl sterols obtained as free sterols during the culture period from day 1 to day 7 are indicated in Table 1 . Comparison of the 4-desmethyl content with the amount of 4,4-dimethyl sterol supported the conclusion that, following day 2, most of the free sterol was found as the 4-desmethyl compound (Fig. l) , with ergosterol accounting for the vast majority of this fraction. No major change in total free sterol, or total 4-desmethyl sterol content was observed between days 1 and 7, although a general decreasing trend was noted.
The amount of Q-amyrin in stationary phase A . nidulans (6-d cultures) was dependent on the growth period, and on the trace element content of the culture medium. The effect of cations on the synthesis of Q-amyrin was analysed with a series of modifications to create media containing various concentrations of added trace elements. The addition of Mg2+ (either 1.8 mM-MgS0,. 7H20 or 2.2 m~-MgCl,. 6H20) to the basal YG medium which contained approximately 60 pM-Mg2+ increased the production of Q-amyrin from a level of 0.04 f 0.01 mg (g dry weight)-' to 0.1 1 f 0.02 mg (g dry weight)-' for MgS0,. 7 H 2 0 and 0.22 f 0.06 mg (g dry weight)-' for MgC12. 6H20. The omission of the Cu2+ from MgS0,-supplemented trace elements resulted in the lack of any detectable Q-amyrin in cell extracts, while the omission of Mn2+ from the MgS0,-supplemented trace elements marginally decreased the basal level to 0.02 f 0.01 mg (g dry weight)-'. [In yeast extract medium the concentration of Cu2+ is approximately 8 nM and that of Mn2+ is approximately 4 nM.] The medium supplemented with MgC12. 6 H 2 0 showed an increase in ergosterol content [4-61 f 0.64 vs 2-77 f 0.79 mg (g dry weight)-'] while none of the other alterations to the medium significantly affected the level of this sterol.
The sterols of A . nidulans were present almost totally in the free sterol form during both exponential and stationary phases. The amount of sterol extracted from saponified cells after acid treatment of the culture, compared with the amount obtained without acid treatment, suggested that the cellular sterols were available for extraction without the prior hydrolysis of non-saponifiable bonds to sugars, proteins and lipids. The amount of 4-desmethyl sterol extracted from cultures grown for various periods was as follows: 1.5 d, 68.2 pg (mg lipid)-' for both acid-treated and non-acid-treated cells; 3.0 d, 87.3 pg (mg lipid)-l for acid-treated and 85.6 pg (mg lipid)-I for non-acid-treated cells; 5.0 d, 83-9 pg (mg lipids)-' for acid-treated and 102.1 pg (mg lipid)-' for non-acid-treated cells. [Each value is the mean of 4-desmethyl sterol recovered from two separate experiments.] The scarcity of complex sterol components was confirmed by TLC examination of both the chloroform portion of chloroform/methanol cell extracts for steryl esters and acyl steryl glycosides, and the methanol portion for steryl glycosides. The methanol layer, which would contain any steryl glycosides, was dried, acid hydrolysed, and analysed. No bands were observed that co-migrated with authentic ergosterol; GLC analysis of materials extracted from this 4-desmethyl region of the TLC plate also confirmed an absence of sterols. The chloroform layer contained only a small amount of material which co-migrated with authentic acyl steryl glycoside. Densitometer comparisons indicated that this band contained approximately 6% of the material observed in the 4-desmethyl sterol band. A more prominent band was observed by TLC which co-migrated with authentic steryl esters. Analysis of the steryl esters of A . nidulans indicated that the proportion of ergosteryl esters, compared with free ergosterol, decreased slightly with the age of the culture (Table 1) . Using the HPLC identification method of Billheimer et al. (1983) , we determined that the major ester component was ergosteryl linoleate (aco = 0.62), representing at least 50% of the ergosteryl esters on days 2 to 6. Other esters included ergosteryl oleate (aco = 0.80) and ergosteryl linolenate (aco = 0.42). Two minor components were identified as ergosteryl stearate (aco = 1.06) and lanosteryl linolenate (aco = 0.55). The relative proportions of the individual sterols were the same in cultures extracted days 1 to 6.
DISCUSSION
The sterol composition of A . nidulans was very consistent throughout the entire 7 d growth period, with the exception that 4,4-dimethyl sterols, which are early cyclized precursors of ergosterol, ceased to accumulate after 2 d growth. All 4-desmethyl components accumulated in parallel with the mass of the culture, indicating that a homeostatic regulatory process is probably involved. The disparity in accumulation patterns between dimethyl and desmethyl sterols suggests that the demethylation of precursors does not appear to be a critical rate-limiting process.
Several patterns of fungal sterol content have been observed as a function of culture age, including the accumulation of ergosterol in Saccharomyces carlsbergensis (Shcheglov & Anisimov, 1979) , the accumulation of ergosteryl esters in S. cerevisiae (Parks, 1978) , a production pattern mimicking the growth curve in Penicillium atrovenetum (Van Etten & Gottlieb, 1965) , and a complex pattern of increases and decreases during the growth of Neurospora crassa (Elliott et al., 1974) . It should be noted that the fungi of family Pythiaceae do not contain sterols in vegetative cells, although they do require them during the reproductive process (Hendrix, 1970) . There does not appear to be any general pattern for developmental regulation of this important membrane lipid component in the fungi.
Interestingly, in A . nidulans the sterol in both stationary and exponential growth phases was primarily in the form of free sterol and not the steryl ester. These results are different from those observed in S . cerevisiae (Bailey & Parks, 1975 ; Taylor & Parks, 1978 ; Taketani et al., 1978) and Phycomyces blakesleeanus (Bartlett & Mercer, 1974) , in which there was a large accumulation of steryl esters. A . nidulans showed a pronounced decrease in the ratio of esterified to free sterol during the first 7 d of incubation. We have also found that Penicillium urticae does not accumulate steryl esters during growth periods up to 10 d (Buchanan et al., 1983) . These esters
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are usually thought to be storage materials, rather than membrane components. The relatively low levels of steryl esters in A . nidulans and P . urticae suggest that these fungi are unable to form the esters efficiently or are very efficient at hydrolysing the ester bond, and, as a consequence, maintain their sterols primarily as the free alcohol. The lack of demonstrable steryl glycosides and only the slight amount of acyl steryl glycosides suggest that newly synthesized sterols are probably incorporated into new membrane material and that a subsequent reduction in sterol production occurs when the culture enters stationary phase.
The effects of cations on the accumulation of P-amyrin suggest that the quantity of material produced was dependent on the overall physiology of the cells. These effects are similar to those noted by Weinberg (1977) and Berry et al. (1977) , who observed that the presence of trace elements influences the production of many cellular metabolites of fungi. The ability to synthesize a compound such as P-amyrin, which presumably is not required for the survival of the organism, is not only an expression of the genetic capability but is also dependent on the characteristics of the environment. It is through the exploration of the physiological capabilities of A . nidulans, utilizing the current extensive level of genetic technology available for this organism, that we can investigate the regulation of sterol concentration by this lower eukaryote.
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